We investigated a T-cell activation deficiency in a 3-monthold boy with protracted diarrhea, serious cytomegalovirus pneumonia, and a family history (in a brother) of cytomegalovirus infection and toxoplasmosis. In spite of detection of normal number of peripheral lymphocytes, T cells did not proliferate after activation by anti-CD3 and anti-CD2 antibodies, although proliferation induced by antigens was detectable. We sought t o determine the origin of this defect as it potentially represented a valuable tool to analyze T-cell physiology. T-cell activation by anti-CD3 antibody or phytohemagglutinin (PHA) led t o reduced interleukin-2 (IL-2) production and abnormal nuclear factor-activated T cell (NF-AT; a complex regulating the IL-2 gene transcription) binding activity t o a specific oligonucleotide. T-cell proliferation was restored by IL-2. Early events of T-cell activation, such as anti-CD3 antibody-induced cellular protein tyrosine phosphorylation, ~5 9~" and ~56"' kinase activities, and phosphoinositide turnover, were found t o be normal. In contrast, RIGGERING OF THE antigen-specific T-cell receptor (TcR) together with coreceptors results in T-cell activation leading to the transcription of an array of lymphokines and lymphokine receptor genes and cell proliferation.' The activation through the T-cell receptor elicits a cascade of biochemical processes: namely, stimulation of protein tyrosine kinases and activation of the phosphoinositide-specific phospholipase Cy1 (PLCy1),2-6 which leads in turn to the inositol triphosphate (IP3)-mediated release of Ca2+ from intracellular This latter event is followed by a more sustained elevation of the intracellular Ca" concentration ([Ca2+]i) due to Ca2+ entry across the plasma membrane.
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A number of T-cell immunodeficiencies characterized by abnormal T-cell activation have been reported. Some of them have been well characterized and involve membrane receptor or receptor-associated kinase9-18 deficiencies or an abnormal nuclear factor-activated T cell (NF-AT) transcription complex necessary to induce interleukin-2 (IL-2) gene transcription. 19. 20 In another group of immunodeficiencies characterized by defective signal transduction through the TcR, the mechanisms involved have until now not been elucidated. These T-cell immunodeficiencies include potential abnormal tyrosine kinase activity, functional decoupling of the TcW CD3 complex from the secondary messengers," and IL-2
We describe a primary T-cell immunodeficiency characterized by the absence of Ca2+ entry across the plasma membrane with a normal Caz+ mobilization from the intracellular stores. In this patient, the same defect in calcium mobilization is also found in other hematopoietic cell lineages and fibroblasts. This T-cell immunodeficiency provides a unique opportunity to study and discuss the functional consequences of Ca2+ entry in cell activation.
T

MATERIALS AND METHODS
Case report. The patient was a 3-month-old boy born from unrelated parents of Caucasian origin. A brother died at 8 months of anti-CD3 antibody-induced Ca2+ flux was grossly abnormal. Release from endoplasmic reticulum stores was detectable as tested in the presence of anti-CD3 antibody or thapsigargin after cell membrane depolarization in a K+ rich medium, whereas extracellular entry of Ca2+ was defective. The latter abnormality was not secondary t o defective K' channel function, which was found t o be normal. A similar defect was found in other hematopoietic cell lineages and in fibroblasts as evaluated by both cytometry and digital video imaging experiments at a single-cell level. This primary T-cell immunodeficiency appears, thus, t o be due t o defective Ca2+ entry through the plasma membrane. The same abnormality did not alter B-cell proliferation, platelet function, and polymorphonuclear neutrophil (PMN) function. Elucidation of the mechanism underlying this defect would help t o understand the physiology of Ca2+ mobilization in T cells.
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age from protracted diarrhea, cytomegalovirus (CMV) infection, and toxoplasmic encephalitis. The propositus had diarrhea since the neonatal period, failed to thrive, and also developed pneumonia. CMV was detected in gut biopsy smears and blood leukocytes, and anti-CMV IgM was present in the serum. Anti-CMV antibodies were present in the maternal serum before conception. Lymphocyte counts were normal (5,OOO to 6,OoO/pL), but serum IgA (1.75 mg/mL) and IgM (5.5 mg/mL) levels were elevated, and IgG had restricted heterogeneity. Karyotype analysis did not detect maternal lymphocytes or other anomalies. Antibody production was not evaluable because the patient received high-dose intravenous immunoglobulins. Erythrocyte adenosine deaminase and purine nucleotide phosphorylase activities were normal. Skin delayed-hypersensitivity reactions to phytohemagglutinin (PHA) and tetanus toxoid after three immunization shots were negative at the age of 6 months, contrary to age-matched controls. Serologic tests for HIV-1 and HIV-2 were negative. Polymorphonuclear neutrophil (PMN) and thrombocyte counts were normal. Both fMLP-induced superoxide generation by PMN and adenosine triphosphate (ATP)-induced platelet aggregation were normal. The patient received gancyclovir, intravenous im-munoglobulins, and parenteral nutrition. Transplantation of bone marrow donated by his healthy 4-year-old sister (single HLA antigen mismatch) resulted in sustained mixed chimerism. The studies were performed after parental consent for the investigations and in accordance with Institutional Review Board approval.
Cells and cell cultures. Peripheral blood mononuclear cell (PBMC) and T-lymphocyte isolation, B cell line production, and proliferation assays were performed as described e l~e w h e r e .~~,~~ In IL-2 production assays, supernatants were collected after 24 hours and tested on CTLL2 clone. The input of cells in IL-2 secretion assay has been adjusted to result in same number of CD4+ cells in the control and in the patient. PMN were isolated by Dextran sedimentation and Ficoll-Hypaque centrifugation.26 Platelet-rich plasma (PRP) was prepared by ~entrifugation.~' Fibroblasts were collected from the skin of the patient and a control. They were removed from a 25-cm2 plastic flask, washed, and plated on glass coverslips coated with D-polylysine solution 24 hours before the calcium mobilization assay.
Antibodies. Mobility shqt assay. Nuclear extracts were prepared as described by Hivroz-Burgaud et al" with minor modifications. The following double-stranded oligonucleotides were used to assess binding of nuclear lysates2'~'": 5'-GATCTAAGGAGGAAAAACTGTTTC-ATC-3' (NF-AT motif in the IL-2 enhancer), S'-GATCCCAAG-AGGGATTTCACCTAAATCC-3' (NF-kB motif in the TL-2 enhancer), and 5'-GATCCTAGTGATGAGTGAGCAGGATC-3'
[AP-I motif, 12-0-tetradecanoyl phorbol 13-acetate response element (TRE) consensus sequence]. The following double-stranded oligonucleotide specific for Oct I was used in the competition assay:
S'-TGTCGAATGCAAATCACTAGA-3'. Mobility shift assays were performed essentially as described.?'
-"P-labeling of phosphatidylinositol cycle-related phospholipids. Phosphatidic acid (PA), phosphatidylinositol (PI), and phosphatidylinositol monophosphate (PIP) and diphosphate (PIP2) generation were assessed in "P-loaded cells as described.-" PBMC were washed and resuspended in low-phosphate buffer (20 pmol/L, Na2HP04) balanced salt solution buffered to pH 7.4 with 25 mmol/L Hepes. Samples (SO0 pL) were distributed in polypropylene tubes, and 20 pCi of carrier-free '2P-orthophosphate (Amersham, Les Ulis, France) was added with anti-CD3 (UCHTl 1:200), PHA (1:700), or buffer (time-matched controls). After 15 minutes, the cells were quickly washed with ice-cold buffer and centrifugated. Phospholipids were extracted with I mL of cold methanol/chloroform/concentrated HCI (200: 100:0.75). Aliquots of the organic phase were cacuun-concentrated (Speed-Vac; Savant Instrument); phospholipids were separated on oxalate-treated silicated TLC plates (Merck, Darmstadt, Germany) and developed with chloroform/acetone/methanol/acetic acid/ water (40: 15: 13: 12:8). '2P-labeled phosphoinositides were identified by means of chromatography.
Antiphosphotyrosine Western blot analysis. Phospho-tyrosine (P-Tyr) incorporation into cellular protein was performed as described elsewhere.'2 PBMC from a healthy donor or from the patient were activated with anti-CD3 antibody (UCHTI ascitis fluid, 1 : 100) at 37°C for 3 minutes or left unactivated. Cells were then washed and lysed in lysis buffer (20 mmol/L Tris-HCI, pH 7.4; 140 mmol/ L NaCI; O S % NP40; 2 mmol/L EDTA, SO mmol/L NaF) supplemented with protease inhibitors [ 1 mmol/L phenlymethylsulfonyl fluoride (PMSF), leupeptin, antipain, aprotinin, and pepstatin A, each at 10 pg/mL] and phosphatase inhibitors ( I mmoln Na orthovanadate, 100 pmoVL phenylarsine oxide). Lysates were centrifuged to remove nuclei and cellular debris. Equivalent amounts of cellular lysates (200 pglmL) were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) in 1 0 % polyacrylamide gels and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA). Tyrosine-phosphorylated proteins were shown by incubation of the blot with the antiphosphotyrosine MoAb PY20 (Chemicon, Temecula, CA) followed by an incubation with horseradish peroxidase-conjugated anti-mouse Ig (Amersham, Les Ulis, France). Membranes were developed using the enhanced chemilluminescence (ECL) system according to the manufacturer's recommendation (Amersham).
In vitro kinase assay. In vitro kinase activity was assayed as described by Hivroz et aIT2 after immunoprecipitation with anti-~5 6 ' "~ (UBI, Lake Placid, NY) or anti-~S9'~" antibodies (provided by Dr S. Courtneidge, EMBL, Heidelberg, Germany).
Intrucellular calcium assay. Lymphocytes, PMN, and platelets were loaded with indo-I acetoxylmethylester (Indo-l AM; Molecular Probes, Eugene, OR) as described elsewhere.'4 The Indo-1 fluorescence ratio of individual cells, an indicator of the intracellular free calcium concentration ([Ca"],), was measured using a FACStar Plus flow cytometer (Becton Dickinson, San Diego, CA) before and after the addition of the activators. Ultraviolet-excited Indo-l fluorescence was split into high and low wave lengths with a 4.50-nm long-pass dichroic mirror. Reflected short wave length emissions were passed through a 40S/20 nm-band pass filter, while long wave length emissions were passed through a S30/20 nm-band pass filter. The 40S:S30 nm fluorescence ratio is shown as a function of time.
In digital video imaging experiments, [Ca'*], was measured in single fura-2-loaded cells using the VideoProbe system (ETM Systems, Irvine, CA). Cells (S X 10S/mL to I O X 1OS/mL) were incubated with O S pmol/L fura-2-acetoxy-methyl-ester (Molecular Probes, Junction City, CA) for 15 minutes at 37°C in the culture medium. The loaded cells were then centrifuged, washed with medium, and plated on polyornithine-coated (100 pg/mL, I O minutes) glass coverslips. The medium was replaced by Ringer's solution several minutes before the start of the experiments. A 100-W xenon arc lamp was used as the ultraviolet light source, and alternating excitations at 340 and 380 nm were produced by a rotating filter wheel (Sutter Instrument CO, Novato, CA) equipped with interference filters. Emitted light was collected through a 510-nm emission filter with an intensifying CCD video camera (Hamamatsu Corp, Wissous, France) linked to an image processor (ETM Systems). Background-corrected fluorescence ratio images were collected every S seconds and stored on a hard disk for analysis. Calculation and calibration of [Ca"], were performed as described elsewhere." The [Ca"], was calculated as K,,,, X (R -R,,,,/R,,,,, -R), where R is the ratio between fluorescence at 340 and 380 nm. R,,,,,. K,,,,,, and K,,,, were derived experimentally as 0.4, 9.3. and 2.5 pmol/L. respectively.
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A l l experiments were performed at room temperature (20" to 24°C). 
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RESULTS
The patient's lymphocyte phenoope was normal. Blood mononuclear cells showed no detectable membrane abnormality ( Table 1) For MoAbs. Immune complexes were assayed for kinase activity. After separation in 8% SDS-PAGE, labeled proteins were detected by autoradiography. Activity of ~5 6~ has been measured on thawed cells, whereas ~5 9~ activity has been measured on fresh cells. (Table 2) . Exogenous IL-2 completely restored anti-CD3-induced T-cell proliferation, whereas phorbol myristate acetate (PMA) had no effect. A combination of PMA and ionomycin at high concentration induced T-cell proliferation. Specific T-cell proliferation induced by antigens (tetanus toxoid and CMV) and allogeneic cells was detectable, although responses were of variable intensity. Finally, B-cell responses driven by an anti-lgM MoAb were normal. Expression of IL-2 receptor (26%) and major histocompatibility complex (MHC) class I1 molecules (3 1 %) on T lymphocytes was induced by anti-CD3 antibody stimulation. In contrast, anti-CD3-induced IL-2 production was lower than the control value (3 IU/mL v 16 IU/mL).
T-cellproliferation was
After stimulation of T lymphocytes with PHA or PMA plus ionomycin, nuclear extracts were assayed for NF-AT, NF-LB. and AP-I binding activity to specific oligonucleotides. In the presence of nuclear lysates from the patient's T lymphocytes, migration comparable with that induced by control nuclear lysates was observed for NF-kB and AP-I , while that of NF-AT was less retarded. In addition, the NF-AT-related band was of reduced intensity (Fig 1) .
The pattern of anti-CD3-induced tyrosine phosphorylation of cellular proteins was normal, although phosphorylation level seemed to be higher than in control cells (Fig 2) . The kinase activities of ~5 6 " '~ and ~59"" (Fig 2) were present, and the phosphoinositide turnover induced by anti-CD3 anti- body was normal as judged by the 32-P incorporation into PI (Fig 3) .
Extracellular calcium injlux was abnormal in patient's cells. As the binding activity of NF-AT is sensitive to calcium,' we sought a possible dysregulation of Ca" signalling in the patient's cells. Increases in [Ca"Ii induced by anti-CD3 MoAb (Fig 4), PHA (Fig 5) . and thapsigargin, which blocks endoplasmic reticulum C~*'-ATP~S~,'~.~' were transient and minimal in patient's T cells, while intense and prolonged responses were observed with control cells. High K' concentrations, which result in cell depolarization,'s inhibit transmembrane Ca2' entry without affecting release from intracellular stores in T and B cells."." When [Ca2+Ii was measured in the presence of a depolarizing K' concentration, the rises in [Ca2'Ii produced by anti-CD3 MoAb and thapsigargin were similar in the patient's and control cells (Fig 4) . In addition, Ca" depletion of the medium led to transient increase of [Ca2'Ii, which was comparable in the patient's and control cells after PHA activation (Fig 5) . Low and transient calcium flux was also observed in the presence of thapsigargin in platelets (Fig 6) , polymorphonuclear cells (data not shown), a B cell line (Fig 7) , and fibroblasts (Fig  8) . To further characterize the Ca" dysregulation, we used a low concentration of the Ca" ionophore ionomycin to empty intracellular Ca" store^.'^.'^ In the absence of extracellular calcium, low concentration of ionomycin (0.1 pmol/ L) induced a transient rise in [Ca"] , that was identical in the patient's and control cells (Fig 7) . In contrast, when the influx i n these arrow) perfusion. The experiment was performed either in the presence of 2 mmol/L extracellular calcium (2 Ca") or in a medium without calcium and containing 0.5 mmol/L EGTA (no calcium). Data are the mean of at least 50 single-cell recordings.
We found that a patient with a primary immunodeficiency had partially defective T-cell proliferation induced by lectins clamped at -60 mV (Fig 9B) . Thus maintaining a negative membrane potential was not sufficient to restore the calcium protein tyrosine phosphorylation. This suggests the integrity of membrane receptors, tyrosine kinases, and phospholipase Cy1 in the patient's T ~e l l s , * -~.~' unlike ZAP 70 tyrosine kinase deficiency.IR The restoration of T-cell proliferation by exogenous IL-2 and the defective IL-2 production are reminiscent of findings in primary immunodeficiencies characterized by either selective or multiple cytokine production However, Ca2+ mobilization was normal in these cases.'9 This immunodeficiency, characterized by an abnormal [Ca2+Ii increase after activation, thus differs from primary T-cell immunodeficiencies with signal transduction defects and IL-1 or IL-l receptor defi~iencies.~'~~~" It does, however, resemble a T-cell immunodeficiency in which T-cell proliferation was restored by calcium ionop h~r e .~~ It is noteworthy that the calcium influx defect was not restricted to T cells. The calcium increase in B lymphocytes, granulocytes, platelets, and fibroblasts was only transient and minor, as in T cells. Augmentation of [Ca2+Ii can originate from both Ca2+ release from intracellular stores and transmembrane To determine whether either pathway was disturbed in the patient's cells, calcium flux was studied in the presence of a high K* concentration, which inhibits Ca2+ entry into T cellsi5.46.47 or in calcium-free medium. In these conditions the Ca2+ increase in the patient's cells was similar to that in control cells. Two means of emptying Ca2+ stores were used, which normally lead to activation of the deficiencies. 19.20.22. 23 For personal use only. on August 16, 2017 . by guest www.bloodjournal.org From endogenous transmembrane calcium influx pathway: (1) thapsigargin, which is a potent inhibitor of the ATP-dependent calcium pump of the endoplasmic reti~ulurn*'~~~ and, therefore, induces calcium leakage from endoplasmic stores4'; and (2) low-dose of ionomy~in,~~." which, in addition, provides an electroneutral Ca" influx pathway.3s In these conditions, in KC1-containing medium and calciumfree medium, similar transient rises in cytosolic calcium were observed in the patient's and control cells. By contrast, Ca2+ influx was not observed in the patient's cells in control medium. These results indicate that mobilization of Ca" from intracellular stores was preserved in the T cells and in other hematopoietic cells and fibroblasts, whereas the entry of extracellular calcium was defective. As discussed above, the absence of Ca2+ entry with normal Ca2+ release from intracellular stores is compatible with normal CD25 expression and leads to defective T-cell production of 1L-2.3s Several hypotheses can be proposed to account for this defect. A membrane potential abnormality (eg, depolarization) could cause the observed deficiency, based on the following data.
(1) Recent studies have implicated K+ channels in the regulation of Ca" entry during lymphocyte acti~ation.'~*~' Indeed, depolarization induced by K+ channel blockers induces a phenotype similar to that of the patient's cells.49 (2) Depolarization is associated with defective PHA-induced proliferation that can be corrected by exogenous IL-2.'s.s0 The calcium influx needs a negative membrane potential, which provides the electrical driving force for the Ca2+ entry.3R Abnormal regulation of cell membrane potential could be the consequence of defective K+ efflux." However, this is unlikely as clamping of the transmembrane voltage at a physiologic level (-60 mV) does not restore the calcium influx in patient's cells, and voltage-or Ca'+-dependent K+ channel function was similar in the patient's and control cells (data not shown). Alternatively, there could be a primary abnormality of the CaZ+ channel itself or its activation pathway. An IP3 receptor has been described in lymphocyte membranes that cocaps with CD3 after T-cell activation and differs from IP3 receptors associated with the endoplasmic reticu1um8,s2 in terms of inositol phosphate specificity and sugar c~n t e n t .~~.~' Furthermore, IP3 itself has been shown to activate the CaZt conductance p a t h~a y . '~ Calcium entry could be regulated by the depletion of internal Ca2+ stores" directly or, more probably, indirectly through transducer elements such as Ca2+ influx factoli5 and/or one step involving the hydrolysis of guanosine triphosphate." In the patient's cells the lack of extracellular Ca2+ influx induced by the release of endoplasmic reticulum stores by thapsigargin treatment could point to the lack of such an element involved in a regulatory mechanism. A similar unexplained phenotype has been described in a mutant clone of Jurkat cells."
Whatever the precise molecular cause of defective Ca2+ entry in this patient's T cells, our findings shed light on the role of Ca" entry in T-cell, B-cell, PMN, and platelet activation. The consequences were clearly more pronounced for T-cell activation, although the latter was only partially defective. As expected, calcium-dependent events in T-cell activation, such as the appearance of NF-AT binding activity in nuclear extracts of activated T cells and IL-2 product i o n , '~~~ were selectively disturbed. One cannot strictly rule out a possible age-related effect, as NF-AT retardation complex is less intense and less retarded in cord blood cells. However, in the latter cells, the same finding was observed for NF-kE3, AP-l, and NF-ILZA (data not shown). IL-2 receptor expression was unaffected. Some antigen-specific T-cell responses could be triggered in vitro, even though antigen-skin tests were negative. This could result from an addition of costimulatory events (eg, CD28-mediation provided by antigen-presenting cells) to partially defective TcR (and CD-2)-mediated signalling, as previously observed in T cells with low expression of the TcWCD3 complex. 24 In conclusion, we describe an immunodeficiency primarily involving T cell functions that is characterized by a selective deficiency in extracellular calcium entry, while Ca2+ release from intracellular stores appears to be normal. Elucidation of the mechanism underlying this defect would help to understand the physiology of Ca2+ mobilization in T cells.
